Nguyen MT, Lee DH, Delpire E, McDonough AA. Differential regulation of Na ϩ transporters along nephron during ANG II-dependent hypertension: distal stimulation counteracted by proximal inhibition. Am J Physiol Renal Physiol 305: F510 -F519, 2013. First published May 29, 2013 doi:10.1152/ajprenal.00183.2013.-During angiotensin II (ANG II)-dependent hypertension, ANG II stimulates, while hypertension inhibits, Na ϩ transporter activity to balance Na ϩ output to input. This study tests the hypothesis that ANG II infusion activates Na ϩ transporters in the distal nephron while inhibiting transporters along the proximal nephron. Male Sprague-Dawley rats were infused with ANG II (400 ng·kg Ϫ1 ·min Ϫ1 ) or vehicle for 2 wk. Kidneys were dissected (cortex vs. medulla) or fixed for immunohistochemistry (IHC). ANG II increased mean arterial pressure by 40 mmHg, urine Na ϩ by 1.67-fold, and urine volume by 3-fold, evidence for hypertension and pressure natriuresis. Na ϩ transporters' abundance and activation [assessed by phosphorylation (-P) or proteolytic cleavage] were measured by immunoblot. During ANG II infusion Na ϩ /H ϩ exchanger 3 (NHE3) abundance decreased in both cortex and medulla; Na-K-2Cl cotransporter 2 (NKCC2) decreased in medullary thick ascending loop of Henle (TALH) and increased, along with NKCC2-P, in cortical TALH; Na-Cl cotransporter (NCC) and NCC-P increased in the distal convoluted tubule; and epithelial Na ϩ channel subunits and their cleaved forms were increased in both cortex and medulla. Like NKCC2, STE20/SPS1-related proline alanine-rich kinase (SPAK) and SPAK-P were decreased in medulla and increased in cortex. By IHC, during ANG II NHE3 remained localized to proximal tubule microvilli at lower abundance, and the differential regulation of NKCC2 and NKCC2-P in cortex versus medulla was evident. In summary, ANG II infusion increases Na ϩ transporter abundance and activation from cortical TALH to medullary collecting duct while the hypertension drives a natriuresis response evident as decreased Na ϩ transporter abundance and activation from proximal tubule through medullary TALH. pressure natriuresis; NHE3; NCC; NKCC2; SPAK; ENaC HYPERTENSION IS THE LEADING cause of stroke and cardiovascular diseases and is the leading risk factor for global disease burden (20). Evidence suggests that the renin-angiotensin system (RAS) is activated during hypertension since inhibitors of ANG II production or action are effective at lowering blood pressure in most hypertensives. Chronic ANG II infusion, a well-studied model that mimics the RAS activation of Goldblatt hypertension (11, 13), stimulates both Na ϩ reabsorption and vascular contractility, which elevates both extracellular fluid volume (ECFV) and blood pressure, triggering a pressurenatriuresis response to normalize ECFV (13). How the ANG II-stimulated antinatriuretic responses and the hypertensionstimulated natriuretic responses are integrated along the nephron during chronic ANG II infusion has not been investigated systematically; however, studies of specific regions provide evidence for increased abundance and/or activity of distal convoluted tubule (DCT) NCC and cortical collecting duct (CD) epithelial sodium channel (ENaC) (3, 6, 11, 13, 41, 49) , and decreased abundance of proximal tubule (PT) NHE3 and TALH NKCC2 (13).
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Recent studies have demonstrated activation of sodium transporters by phosphorylation and by proteolytic cleavage. SPAK and the oxidative-stress responsive kinase 1 (OSR1) are homologous kinases that can phosphorylate and, thus, activate NKCC2 and NCC (34, 35) . ANG II infusion increases total abundance and phosphorylation of SPAK, but not OSR1 (6, 11, 41) , and SPAK, in turn, is regulated by With-No-Lysine (WNK) kinases (6) . The ANG II-dependent activation of NCC and SPAK is independent of aldosterone stimulation (41) but depends on an intact intrarenal RAS (11) . ENaCs (from late DCT through CD) are activated by extracellular proteolytic cleavage of the ␣ and ␥ subunits by tubular fluid proteases (16, 29) and ANG II infusion increase ␣ and ␥ proteolysis (11) .
In this study we tested the hypothesis that during ANG II-dependent hypertension there is nephron region-specific stimulation of sodium transporters by ANG II balanced by nephron-specific inhibition of sodium transporters by hypertension, evidenced by respective increases and decreases in transporter abundance, phosphorylation, and cleavage. The results indicate that during ANG II hypertension there is inhibition of transporters from PT through medullary TALH (inhibition of cortical and medullary NHE3, medullary NKCC2, SPAK, and Na,K-ATPase) and stimulation of transporters from cortical TALH through medullary CD (stimulation of cortical NKCC2, NCC, and SPAK and both cortical and medullary ENaC). These findings define the regions that provoke the rise in Na ϩ reabsorption, extracellular fluid volume (ECFV), and blood pressure and also define the regions where these elevations in ECFV and/or blood pressure can override the effects of ANG II to suppress Na ϩ reabsorption and normalize ECFV.
MATERIALS AND METHODS
Animal protocols. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Keck School of Medicine of the University of Southern California and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (225-250 g body wt) obtained from Harlan Laboratories (San Diego, CA) were anesthetized intramuscularly with 200 l of ketamine and xylazine (mixed at a 1:1 volume ratio), randomized to two groups (n ϭ 8 each), and implanted with osmotic minipumps (Alzet, model 2002, Cupertino, CA) subcutaneously containing either vehicle (5% acetic acid, control) or ANG II (400 ng·kg Ϫ1 ·min Ϫ1 ; Sigma; ANG II infused). Infusion was continued for 14 days during which the rats had free access to normal vivarium diet and drinking water. Physiological measurements. Rats were placed in metabolic cages overnight (16 h) for urine collection both before minipump implantation and before they were euthanized. Urine volumes were measured by graduated cylinders, urinary [Na ϩ ] and [K ϩ ] were measured by flame photometry (Radiometer FLM3), and osmolality was measured with an osmometer (Precision Systems, Osmette). Urinary angiotensinogen was assessed by immunoblot in a constant fraction (0.02%) of the overnight urine volume.
After 2 wk of ANG II or vehicle infusion, rats were anesthetized intraperitoneally with Inactin (125 mg/kg; Sigma), body temperature was maintained thermostatically at 37°C, and cannulas were inserted into the jugular vein for fluid infusion (0.9% NaCl ϩ 4% BSA, 50 l/min) to maintain euvolemia and into the carotid artery for blood pressure recording. Mean arterial pressure (MAP) was calculated as the sum of one-third systolic blood pressure and two-thirds diastolic blood pressure. After stable blood pressure was recorded, renal arteries were clamped, kidneys excised and placed in iced saline; a blood sample was collected from the carotid cannula, and hearts were removed, flushed with PBS, blotted and weighed. Plasma samples were prepared from the blood sample by centrifugation for electrolyte measurements.
Homogenate preparation and quantitative immunoblotting. Kidney cortex and medulla were immediately dissected manually and separately diced and homogenized as described in detail previously (27) , quick frozen in aliquots in liquid N 2; protein concentration was determined by BCA assay (Pierce Thermo, Rockford, IL). Cortical and medullary homogenates were denatured in SDS-PAGE sample buffer for 20 min at 60°C (27) . To verify uniform protein concentration, 10 g of protein from each sample was resolved by SDS-PAGE, stained with Coomassie blue, and multiple random bands quantified and determined to be uniform (if not, protein reassessed and gel rerun). For immunoblot, each sample was run at both one and one-half amounts to verify linearity of the detection system on each immunoblot (only one amount is shown in figures). Antibodies used in this study, dilutions, and vendors are catalogued in Table 1 . Blots were never stripped and reprobed. Signals were detected with Odyssey Infrared Imaging System (Li-COR) and quantified by accompanying software. Arbitrary density units collected were normalized to mean intensity of control group, defined as 1.0. Since the samples were run twice (at 1 and 0.5), the normalized values were averaged and mean values compiled for statistical analysis.
A new anti-NCC antibody was generated by immunizing rabbits with a peptide sequence from NH 2-terminal amino acids 74 -96 (PGEPRKVRPTLADLHSFLKQEG) of NCC (31) at Antibodies (Davis, CA). Serum was collected and tested for specificity by immunoblot against 40 g of kidney homogenates from rat cortex (which contains NCC), medulla (which does not contain NCC but does contain NKCC to assess cross reactivity), and mouse whole kidney. Blots were probed with antibody diluted to 1:5,000. A frozen slice of renal cortex was probed with the new anti-NCC antibody as well as an antibody directed to NCCpT58.
Immunohistochemistry. In a separate set of control vs. ANG IIinfused rats (n ϭ 4), kidneys were perfusion-fixed via the dorsal aorta as previously described (36) . The fixed tissues were cryoprotected by overnight incubation with 30% sucrose in PBS, embedded in TissueTek O.C.T. compound (Sakura Finetek, Torrance, CA), and frozen on dry ice. Cryosections (5 m) from control vs. ANG II animals were sliced and transferred to the same Superfrost Plus-charged glass slide (Fisher) for direct side-by-side processing and viewing. For immunofluorescent labeling, the sections were rehydrated, washed, and blocked with 1% BSA/PBS before antibody incubation. All antibodies were diluted in 1% BSA/PBS ( in Prolong Antifade containing DAPI (Invitrogen) and air dried overnight. Samples were viewed with a ZEISS LSM 510 confocal system. Fluorescence excitation and detector settings were the same for imaging sections from control and ANG II-treated kidneys. Statistical analysis. Differences in physiological parameters and in protein total abundance and phosphorylation were assessed by unpaired two-tailed Student's t-test. Difference in urinary angiotensinogen between control and ANG II groups before and after 2 wk of infusion was assessed by two-way ANOVA analysis. Data were expressed as means Ϯ SE. Differences were regarded significant at P Ͻ 0.05.
RESULTS

Effects of ANG II-dependent hypertension on physiological parameters. Baseline body weight, urine volume (V), [Na
, and osmolality were similar before treatment in both control and pre-ANG II groups ( Table 2 ). As summarized in Table 3 , ANG II infusion had the following effects: increased MAP measured from the carotid artery, increased heart weight, reduced rate of weight gain as reported previously (37) , increased overnight urine volume Ͼ3-fold and increased urinary Na ϩ , K ϩ and osmolar excretion indicative of chronic pressurenatriuresis and diuresis. Kaliuresis and increased solute excretion could be attributed to the reduced skeletal muscle mass (37) or increased food consumption (not measured). Interestingly, ANG II infusion significantly reduced plasma [Na ϩ ], likely associated with the dipsogenic effects of ANG II (39) , which is also reflected in the threefold increase in urine volume. ANG II infusion increased urinary angiotensinogen levels more than 10 fold (Fig. 1) , evidence for activation of intrarenal RAS (11) .
Effects of ANG II-dependent hypertension on NHE3.
NHE3 is expressed in the apical membranes of epithelial cells along the entire proximal tubule (PT) as well as in the thick ascending loop of Henle (TALH); both tubule segments span cortex and medulla. ANG II infusion decreased NHE3 abundance in both regions (Fig. 2, A and B) to 0.78 Ϯ 0.06 of control in cortex and to 0.54 Ϯ 0.04 of control in medulla. NHE3 phosphorylation (NHE3pS552), a marker for its transit to the base of the microvilli (17) , was unchanged in cortex and reduced in medulla. Kidney sections from cortex of control and ANG IIinfused rats were placed on the same slide, costained with NHE3 (green) and the microvilli marker villin (red), and imaged at the same settings (Fig. 2C) . In both control and ANG II-infused groups, NHE3 was resident in the microvilli overlapping with villin, and, as in the immunoblots, NHE3 staining was lower after ANG II infusion, evidence for a pressurenatriuresis response.
Effects of ANG II-dependent hypertension on NKCC2. NKCC2 is expressed in the apical membranes of TALH epithelial cells from medulla to cortex. The anti-NKCC antibody reagent used in this study recognizes not only NKCC2 but also the basolateral secretory NKCC1 isoform that has been detected along the collecting duct (21) . The lack of detectable basolateral staining by immunohistochemistry with this anti-NKCC in cortex and medulla (Fig. 3 ) in this study indicates that the abundance of NKCC1 in kidney is quite low compared with NKCC2, and, with this caveat, we will refer to the signals detected as NKCC2. NKCC2 phosphorylation at threonine 96 and 101 (NKCC2-P) is indicative of transporter activation (9, 35) . During ANG II infusion, total NKCC2 and NKCC2-P were differentially regulated in cortex vs. medulla (Fig. 3, A  and B) : total NKCC2 increased in cortex (to 1.71 Ϯ 0.26 of control) and decreased in medulla (to 0.46 Ϯ 0.06 of control); phosphorylated NKCC2 increased in cortex (to 1.74 Ϯ 0.23 of control) and was unchanged in the medulla. Frozen sections from both groups were processed and analyzed on the same slide with same settings and colabeled with antibodies against NKCC2 (red) and NKCC2-P (green) (Fig. 3C) . In cortex, location of NKCC2 was confirmed by apical localization and proximity to glomeruli. ANG II increased the fluorescent intensities of both NKCC2 and NKCC2-P in cortex, while in medulla ANG II decreased the intensities of both NKCC2 and NKCC-P compared with controls stained on the same slide. These findings suggest decreased NKCC2 transporter activity in the medullary TALH, consistent with a pressure-natriuresis effect, and increased NKCC2 activity in the cortical TALH, indicative of ANG II stimulation.
Effects of ANG II-dependent hypertension on sodium pump. Na,K-ATPase (NKA) is expressed ubiquitously in the basolateral membranes of tubular cells. In cortex, the levels are high in both PT and DCT while in medulla NKA is primarily abundant in the TALH and low in other medullary segments (26) . During ANG II infusion both NKA␣ 1 and ␤ 1 decreased in medulla, to 0.77 Ϯ 0.02 and 0.63 Ϯ 0.05 of control, respectively (Fig. 4, A and B) , suggesting that apical NKCC2 and basolateral NKA decrease in parallel in the medullary TALH during ANG II infusion, evidence of a pressure-natriuresis response. Cortical NKA␣ 1 and ␤ 1 abundance, which reflects expression in both the proximal and distal tubules, was unchanged during ANG II infusion.
Effects of ANG II-dependent hypertension on NCC. It has been established that ANG II infusion increases NCC abundance and phosphorylation (6, 11, 41) . NCC-P is indicative of apical membrane localization (18) and activation (34) . This study confirms that ANG II infusion increases NCC total (to 1.93 Ϯ 0.16 of control) using a new polyclonal antibody (characterized in Fig. 5 ) as well as increases NCC phosphorylated at the following three sites: NCCpT53 by 5.2-fold, NCCpS71 by 2.3-fold, and NCCpS89 by 3.3-fold (Fig. 5) .
Effects of ANG II-dependent hypertension on kinases. SPAK and the related kinase OSR1 colocalize with TALH NKCC2 and DCT NCC where they can phosphorylate the transporters and stimulate their transport activity; likewise, increased phosphorylations of SPAK and OSR1 are indicators of increased kinase activity (34, 35) . Abundance and phosphorylation of SPAK and OSR1 were measured to assess whether they were differentially regulated by ANG II infusion in cortex vs. medulla. SPAK is expressed as three isoforms: full-length (FL-SPAK), SPAK2, and kidney-specific SPAK (KS-SPAK). KS-SPAK is reported to exert a dominant negative effect on both SPAK and OSR1 (24) . We have previously identified FLand KS-SPAK isoforms in rat kidney cortical and medullary homogenates and showed that the major isoform in the medulla is FL-SPAK (27) . In this present study, ANG II infusion increased FL-SPAK in cortex to 2.07 Ϯ 0.40-fold over control and decreased FL-SPAK in medulla to 0.61 Ϯ 0.03 of control (Fig. 6 ). KS-SPAK was unchanged with ANG II infusion (1.03 Ϯ 0.13) compared with control (1.00 Ϯ 0.12); medullary KS-SPAK as well as SPAK-2 in cortex and medulla were too low to quantitate (data not shown). SPAK phosphorylated at Table 1 . B: relative abundance displayed as individual records with means Ϯ SE. *P Ͻ 0.05. C: indirect immunofluorescence microscopy of NHE3 and villin in renal cortex. Sections were processed identically on same slide and imaged with the same settings. Antibody labeling specifics provided in Table 1 . Bar, 20 m.
Ser373 (SPAKpS373), an indicator of kinase activation, was increased in cortex during ANG II infusion to 1.82 Ϯ 0.17 over control but was not significantly altered by ANG II in medulla, mimicking the pattern of NKCC2-P regulation (Fig. 3) . Neither OSR1 total abundance nor OSR1 phosphorylated at Ser325 (detected with the same antibody that detects SPAKpS373) were altered by ANG II infusion (Fig. 7) . Likewise, AMPactivated protein kinase (AMPK), reported to interact with and phosphorylate NKCC2 (10), was not regulated during ANG II infusion (not shown).
Effects of ANG II-dependent hypertension on ENaC. Epithelial Na
ϩ channels, ENaC (made up of ␣, ␤ and ␥ subunits), are located in the apical membranes of epithelia from the late DCT through CD. ANG II directly stimulates ENaC activity in the cortical collecting duct (CD) (23) , increases ␣ENaC protein abundance in kidney cortex (3), and increases Na ϩ reabsorption in the distal nephron (49) . Proteolytic cleavage of ␣ and ␥ has been shown to increase channel activity (15) . Figure 8 demonstrates that ANG II infusion increases the abundance of the cleaved forms of ␣ and ␥ in cortex (by 1.78 Ϯ 0.23 and 1.67 Ϯ 0.23 of control, respectively) and in medulla (by 2.23 Ϯ 0.32 and 1.44 Ϯ 0.13 of control, respectively). In addition, ANG II infusion increased full-length ␣ (by 1.33 Ϯ 0.11 in cortex and 1.83 Ϯ 0.15 in medulla) and ␤ subunit (by 1.24 Ϯ 0.06 of control in cortex). These findings suggest activation of both cortical and medullary ENaC during ANG II infusion, confirming studies conducted previously in mouse (11) .
DISCUSSION
During ANG II-dependent hypertension, there is a homeostatic balance between ANG II stimulation of Na ϩ transporters (which may be direct or indirect via aldosterone stimulation), which raises ECFV and blood pressure, and hypertensiondriven inhibition of Na ϩ transporters, which restores ECFV. If the pressure-natriuresis response was not appropriately activated, ECFV would be significantly expanded during ANG II infusion. Table 3 provides evidence for both hypertension (elevated mean arterial pressure and increased heart weight) and for pressure-natriuresis and diuresis (elevated urine vol- Table 1 . B: relative abundance displayed as individual records with means Ϯ SE. *P Ͻ 0.05. C: indirect immunofluorescence microscopy of NKCC2 and NKCC2-P. Kidneys from 2 rats were fixed for each condition. Sections were processed identically on same slide and imaged with the same settings. Two sections were fully examined and the representative images were chosen with glomeruli for identification of the cortex. Antibody labeling specifics provided in Table 1 . Bar, 20 m. G, glomerulus.
ume and urine Na ϩ excretion) in this study. By separating cortex from medulla and analyzing all the sodium transporters along the nephron, this study was able to determine that ANG II infusion stimulates transporters (by increasing abundance, phosphorylation, and/or proteolytic cleavage) from the cortical TALH through the medullary CD, and that transporters are inhibited (presumably by the hypertension or ECFV signals) from the PT through the medullary TALH (Fig. 9) .
Previous studies demonstrated stimulation of post-macula densa sodium transporters during ANG II hypertension, namely increased NCC abundance and phosphorylation and increased ENaC abundance and proteolytic cleavage (3, 6, 11, 41, 49) . A component of the transporter stimulation may be secondary to stimulation of aldosterone secretion during ANG II infusion (28) . However, recent studies (reviewed in 42) demonstrate ANG II stimulates NCC in adrenalectomized rats, mediated, at least in part, by the WNK4-SPAK-dependent cascade that is independent of aldosterone, while stimulation of ENaC is via a pathway that is additive to the effects of aldosterone. In this study, we confirmed that ANG II infusion increased abundance of the regulatory kinase SPAK and of phosphorylated SPAK (an indicator of SPAK activation) in renal cortex, increased abundance of NCC and NCC phosphorylated at multiple sites [a surrogate marker of NCC activation in apical membranes (16, 18) ] in renal cortex (Figs. 5 and 6 ), and activated ENaC subunits, evidenced by their proteolytic cleavage (16, 18) (Fig. 8) .
The TALH NKCC2 is also regulated by SPAK and, unlike NCC, is found in both cortex and medulla (Figs. 3 and 9) . We recently reported that ANG II infusion in mice decreased total NKCC2 while increasing NKCC2-P, and increased SPAK-P without changing total SPAK, all measured in whole mouse kidney (11) . This pattern of disparate regulation is clarified by the results of the present study. By analyzing kidney medulla separately from cortex, differential regulation along the TALH was revealed: cortical NKCC2 and NKCC2-P were stimulated by ANG II infusion while medullary NKCC2 abundance was decreased (NKCC2-P was not significantly decreased) (Fig. 3) . Similarly, cortical SPAK and SPAK-P were stimulated by ANG II while medullary SPAK was decreased (SPAK-P was not significantly decreased) (Fig. 6 ). More than 90% of NKCC2-P is estimated to be localized to the plasma membrane (11), evidence of NKCC2 activation in the cortex. These findings indicate that the medullary TALH SPAK and NKCC2 are not stimulated by ANG II infusion when it is accompanied by hypertension; rather, the pool sizes of both are depressed and their phosphorylation is not increased, evidence for changes that facilitate the pressure-natriuresis response. Conversely, cortical TALH SPAK and NKCC2 and their phosphorylation are stimulated by ANG II. In contrast to SPAK, our analyses did not provide any evidence for regulation of OSR1 (Fig. 7) or AMPK, kinases reported to stimulate NKCC phosphorylation (10), in either cortex or medulla.
Recent studies in genetically modified mouse models provide some insight into the role of SPAK in regulating NKCC2: SPAK T243A/T243A knockin mice (with inactive SPAK, intact KS-SPAK) exhibit less NKCC2 phosphorylation than wildtype mice (33) , and SPAK KO (also lack KS-SPAK) exhibit increased NKCC2 total abundance (45) and phosphorylation (12, 24, 45) as well as increased OSR1 phosphorylation (24, 45) consistent with the lack of the dominant negative influence of KS-SPAK on SPAK and OSR1 activation. Together with our in vivo observations in rats in this study, we postulate that as long as SPAK is present, it can play a significant role in regulating NKCC2.
At the basolateral side of the TALH cell the sodium pump drives salt reabsorption; it accounts for most medullary NKA (26) . The decrease in NKA␣ 1 and NKA␤ 1 abundance in medulla (Fig. 4) , whether primary or secondary to decreased apical NKCC2 activity, is another likely molecular mechanism contributing to the pressure-natriuretic response in the face of ANG II infusion with hypertension. The design of this study does not allow determination of NKA regulation in nephronspecific regions because of the heterogeneity of tubules with different levels of NKA. However, previous studies have reported that ANG II stimulation alone rapidly increases PT apical membrane Na,K-ATPase (46) , and that acute hypertension alone decreases Na,K-ATPase activity (48) indicating that cortical Na,K-ATPase is likely regulated in a region specific manner during ANG II-dependent hypertension.
ANG II stimulation (without accompanying hypertension) has been reported to stimulate pre-macula densa NHE3 and Table 1 . Relative abundance is displayed as individual records with means Ϯ SE. *P Ͻ 0.05.
NKCC2 (2, 36, 38) . Specifically, blocking ANG II production with an ACE inhibitor redistributes PT NHE3 from body to the base of the microvilli and decreases PT Na ϩ reabsorption (19, 44) , and ANG II infusion (without hypertension) redistributes NHE3 into the microvilli and activates transport (36) . In contrast, NHE3 redistributes to the base of the microvilli in response to acute hypertension without ANG II stimulation (25) . In the present study the PT NHE3 is subjected to the simultaneous opposing forces of ANG II and hypertension. Interestingly, the ANG II stimulation appears to retain NHE3 in the body of the microvilli, yet there is a compensatory decrease in NHE3 abundance (by both immunoblot and immunohistochemistry) (Fig. 2) . Nonetheless, the persistent localization of NHE3 in the microvilli during ANG II infusion may blunt the magnitude of the natriuresis for a given increase in blood pressure and contribute to the rise in blood pressure. Whether the decreased pool size of NHE3 during ANG II hypertension is due to depressed synthesis or elevated degradation remains to be determined. It will also be interesting to learn whether the NHE3 abundance increases initially in response to ANG II alone prior to the development of hypertension and subsequently decreases after the blood pressure goes up. In an earlier study with Gurley et al. (13), we reported that elimination of the ANG II-receptor type 1 A from the mouse PT improved the pressure-natriuresis response during ANG II-dependent hyper- Table 1 . B: relative abundance is displayed as individual records with means Ϯ SE. Density values were normalized to mean density of control group. *P Ͻ 0.05. C: characterization of a new anti-NCC antibody produced in rabbits against NH2-terminal amino acids 74 -96 (PGEPRKVRPTLADLHSFLKQEG). Forty micrograms of homogenate from untreated rat cortex (contains NCC and NKCC), medulla (contains NKCC), and mouse whole kidney were resolved and probed with the new anti-NCC diluted 1:5,000. The antibody detects a band around 150 kDa in cortex and very little in medulla, indicating that it detects NCC and not NKCC2. The band at 100 kDa in the medulla is nonspecific since there should be no NCC in the medulla, and the band at 70 kDa in mouse is unknown. D: frozen slice of renal cortex was probed with the new anti-NCC antibody as well as an antibody directed to NCCpT58. The antibodies both detect apical NCC, with little nonspecific labeling. Antibody labeling specifics provided in Table 1 tension, evident as larger decreases in NHE3 abundance and lower blood pressure, thus illustrating the important role of the PT in blood pressure regulation. Differential regulation of NKCC2 in medullary vs. cortical TALH may be a function of ion transport characteristics of NKCC2 isoforms. Isoform NKCC2F is expressed mainly in medullary TALH while NKCC2B is expressed mainly in cortical TALH (7, 30) . Both furosemide administration and chronic water loading alter expression of NKCC2 in an isoform-specific manner (4), suggesting that splicing machinery may be influenced by the filtered load and/or the intracellular [Cl Ϫ ]. During ANG II hypertension, the decrease in PT NHE3 would contribute to increased flow into the TALH, which could alter the expression of NKCC2 splice variants along the TALH and activate parallel changes in NKA. However, we have previously established that increased flow out of the PT (during acute hypertension or in response to a PT diuretic) actually increases NKA activity in the medulla (22) . Since the upstream kinase SPAK, localized to the TALH and DCT, also responds to ANG II infusion with a differential pattern (increase in cortical SPAK, SPAK-P, and decrease in medullary SPAK), SPAK is more likely a target for effecting differential regulation of NKCC2.
Potential candidates, regulated by ANG II and/or by tubular flow, that could suppress SPAK, NKCC2, and NKA in medullary TALH would include changes in WNKs (14) , nitric oxide, and reactive oxygen species (5) . High blood pressure has been shown to stimulate release of the cytochrome P-450 metabolite 20-hydroxyeicosatetraenoic acid, 20-HETE (43), which inhibits Na ϩ transport and NKA activity in the PT and TALH (32, 47) and NKCC transport activity in isolated medullary TALH (8) . ANG II hypertension stimulates release of 20-HETE in rat kidney (1) suggesting the possibility that 20-HETE could counteract the antinatriuretic influence of ANG II from the PT through the medullary TALH by suppressing NHE3, NKA, and NKCC2.
What is the significance of these findings? Evidence indicates that ANG II can stimulate transporter abundance and/or activity all along the nephron. However, if ANG II stimulation is accompanied by hypertension, compensatory natriuretic responses override the antinatriuresis of ANG II. This study determined that ANG II hypertension increases transporters' abundance and activation from the cortical TALH to the medullary CD (NKCC2, NCC, ENaC, and regulatory kinase SPAK) and that this stimulation is balanced by a compensatory inhibition of transporters (NHE3 and medullary: NKCC2, NKA, SPAK) from PT through medullary TALH, presumably driven by elevated blood pressure. That is, hypertension overrides the effects of ANG II from PT through medullary TALH. Futures studies should recognize and consider that the ANG II-dependent hypertension model generates opposing signals to maintain ECFV homeostasis. On a practical ) infusion does not change the abundance or phosphorylation of regulatory kinase oxidative stress response-1 (OSR1) in cortex or medulla. A: immunoblots of total OSR1 and OSR1-P in renal cortex and medulla of rats infused with either vehicle (control) or ANG II (n ϭ 8). OSR1-P is detected by the same antibody used for SPAK-P. Protein per lane in Table 1 . B: relative abundance displayed as individual records with means Ϯ SE. *P Ͻ 0.05. #, Tubulin recognized by anti-OSR1 antibody (33) . Table 1 . Relative abundance displayed as individual records with means Ϯ SE. *P Ͻ 0.05. FL, full-length; Cleaved, proteolytic cleavage product; #nonspecific band above FL-␣ENaC (40).
note, region-specific regulation of NKCC and SPAK will not be evident in analyses of whole kidney homogenates: it is important to dissect cortex from medulla to discriminate regions of antinatriuretic response vs. natriuretic response. Understanding where ANG II stimulates Na ϩ transporters along the nephron is crucial for targeting with antihypertensive therapies. Natriuretic mediators that counteract the effects of ANG II warrant further investigation.
